1. Introduction {#s0005}
===============

*Houttuynia cordata*, a flowering plant native to southeastern and northeastern Asian countries, is an herbal garnish in Vietnamese cuisine and southern China. The plant is also used in folk medicine in several countries. Water extracts from this plant have been reported to have inhibitory activity against herpes simplex virus (HSV), influenza A virus, human immunodeficiency virus (HIV) ([@b0065], [@b0025]) and the virus of severe acute respiratory syndrome (SARS) ([@b0110]). Although those viruses belong to diverse families and may utilize different mechanisms for cell entry and infection, a common feature of infection by those viruses is to exploit the NF-κB signaling pathway for replication ([@b0055], [@b0010], [@b0100], [@b0020]). The transcriptional regulator of NF-κB family regulates host gene expression of cell survival, cell differentiation, inflammation as well as anti-viral responses. NF-κB activity is also essential in preventing virus-induced apoptosis, a critical event for virus replication ([@b0070], [@b0050]).

In this report, we attempted to address mechanisms associated with *H. cordata* antiviral activity using HSV-2 infection as a model system. HSV-1 and -2, also known as human herpes virus 1 and 2 (HHV1 and HHV2), are enveloped DNA viruses of herpes virus family that infect humans. After cell entry, HSV-1 and HSV-2 infection promotes persistent NF-κB activation ([@b0135], [@b0055], [@b0160]) as well as MAPK activation ([@b0060], [@b0170], [@b0075]), since the activity is required for cell survival and virus growth ([@b0150], [@b0140]). The importance of NF-κB and MAPK activation in HSV-1 and HSV-2 infection has been demonstrated with pharmacological inhibitors and genetic approaches. IKK inhibition by cyclopentenone prostaglandin A blocks HSV-1 gene expression and reduces virus yield by more than 3000-fold ([@b0005]). Inhibition of NF-κB mediated gene expression by resveratrol blocks both HSV-1 and HSV-2 infection ([@b0045]), while curcumin a known inhibitor of NF-κB activation also has potential activity against HSV-1 and HSV-2 infections at relatively low concentrations ([@b0105]). [@b0170] recently demonstrated that inhibition or depletion of MEK1, an immediate upstream kinase of Erk1/2 MAPK, significantly blocks HSV replication.

As an herbal medicine, *H. cordata* has traditionally been used as remedy for inflammatory diseases and for antibacterial and antiviral purposes. During the screening of herbal medicines against sexually transmitted diseases, we found that a hot water extract from *H. cordata* (HCWE) exhibited strong anti-HSV-2 activity. The IC~50~ for HSV-2 infection was estimated at approximately 50 μg/ml of lyophilized powder. Although HSV-2 infection has been reported to induce Erk MAPK and NF-κB activation, we found HCWE blocked HSV-2 infection through selective inhibition of NF-κB activation. HCWE showed no effect on HSV-2 induced Erk MAPK activation. The HCWE mainly contains chlorogenic acid, flavonoids and the corresponding glycosides ([@b0155], [@b0025]). We found the flavonoids were responsible for the antiviral activity.

2. Materials and methods {#s0010}
========================

2.1. Cells and virus {#s0015}
--------------------

HeLa 229 cells were purchased from ATCC (Manassas, VA). African green monkey kidney epithelial Vero cells were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in high glucose DMEM (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen), 2 mM [l]{.smallcaps}-glutamine, nonessential amino acids and sodium pyruvate (Invitrogen), and maintained at 37 °C in a humidified incubator with 5% CO~2~.

Herpes simplex virus type 2 strain G was purchased from ATCC (VR-734). The virus was propagated in Vero cells and virus titer was determined as reported ([@b0040]).

2.2. Herbal material {#s0020}
--------------------

Dried leaves and stems of *H. cordata* Thunb. were purchased from Xuzhou Pharmaceutical Corporation (Xuzhou, China) and further identified by Ms. Yunxia Xu at Nanjing University. The air-dried material was extracted with water (100 mg material per milliliter distilled H~2~O) for 4 h in a water bath of 45 °C. The water extract was filtered through a 0.2 μm filter and then lyophilized into dry powder. The powder was stored at −80 °C and reconstituted with sterile water before use.

2.3. Reagents {#s0025}
-------------

Antibodies against NF-κB/p65 (sc-109), lamin B (sc-6216), p-Erk1/2 (sc-101760), Erk2 (sc-154) and JNK1/2 (sc-571) were purchased from Santa Cruz Biotechnologies (San Cruz, CA). Antibodies against p-p38 (9211), p-JNK1/2 (4671) and IκBα (9242S) were purchased from Cell Signaling (Beverly, MA). Anti-GAPDH monoclonal antibody (MB001) was purchased from Bioworld Technology (Minneapolis, MN). Rabbit antiserum against HSV-2 ICP0 protein was generated by immunizing rabbits with a synthetic peptide prepared by Abmart (Shanghai, China). Anti-p38 antibody was kindly provided by Dr. Jiahuai Han, Xiamen University (Xiamen, China). Recombinant human TNFα was purchased from Sino Biological Inc. (Beijing, China). HRP-conjugated secondary antibodies and chemical reagents including curcumin, quercetin, quercitrin, isoquercitrin, naringenin and acyclovir (ACV) were purchased from Sigma--Aldrich. Sodium houttuyfonate of Pharmacopeia grade was purchased from Hubei Hengshuo Corporation (Wuhan, China) and ECL reagent kit was from Pierce/Thermo Fisher.

2.4. Infection and inhibition assays {#s0030}
------------------------------------

HSV-2 infection was assayed initially by measuring cytolytic effect using MTT assay for convenience. Briefly, Vero cells were seeded in 96-well plates at 5 × 10^3^  cells per well in complete medium. Vero cells were infected in triplicate with HSV-2 at an MOI of 2. Cytolytic effect due to infection was monitored under an inverted microscope. Culture supernatants (10 μl) from infected and uninfected controls were sampled from those wells at 48 h PI for determination of infectious virion release using a secondary infection assay. At the end of an experiment (48 h), MTT (Sigma--Aldrich) was added to each well to a final concentration of 0.5 mg/ml for the measurement of formazan formation as previously described ([@b0125]). The absorbance was measured at 570 nm in a Versa Max microtiter plate reader (Molecular Devices, Sunnyvale, CA). Data are presented as mean ± standard deviation of triplicate samples.

For inhibition assays, monolayers of Vero cells were treated with HCWE or single compounds at doses and times as indicated. The reagents were left throughout the infection process.

2.5. Plaque forming assay {#s0035}
-------------------------

The antiviral activity was reassessed using a plaque forming assay as previously described ([@b0040]). Briefly, Vero cells were seeded in 24-well plates 24 h prior to infection at a density of 5 × 10^4^  cells per well in complete medium. Culture supernatants collected from infection assays were series-diluted and used for titration of infectious virus. Plaque formation was assessed 48 h PI after fixation with 3% formaldehyde for 30 min followed by the addition of crystal violet. After rinsing off crystal violet with PBS, the number of plaques was counted manually. The infection was performed in triplicate samples.

The residual HCWE in the primary cultures of an infection may interfere with secondary assays. We considered the effect negligible due to significant dilutions for secondary assays (at least 1:100 or higher).

2.6. Western blot analysis {#s0040}
--------------------------

Cells were lysed in a buffer containing 150 mM NaCl, 50 mM Tris--HCl (pH 7.4), 1 mM sodium vanadate, 1% NP-40, and a cocktail of protease inhibitors (Roche). The cell lysates were cleaned by centrifugation at 10,000*g* and soluble proteins were separated by SDS--PAGE. After being transferred to a polyvinylidene difluoride membrane (Millipore), the proteins were detected by incubation with a primary antibody, followed by horseradish peroxidase-conjugated secondary antibody and the ECL reagent (Pierce, Rockford, IL). The images were collected using Alpha Innotech Flour ChemHD2 imaging system (San Leandro, CA) and densities of corresponding bands were quantified using the pre-installed software.

To measure protein translocation biochemically, a nuclear protein extract kit (Beyotime Biotechnology) was used to separate nuclear proteins from cytosolic fractions.

To test the effect of curcumin and HCWE on TNFα induced IκBα degradation, HeLa 229 cells were treated with curcumin (10 μM) or HCWE (450 μg/ml) for 2 h, then stimulated with 1 ng/ml TNFα for 20 min. The cell lysates were subjected to western blot analysis.

3. Results {#s0045}
==========

3.1. HCWE treatment blocks HSV-2 infection {#s0050}
------------------------------------------

To assay the antiviral effect of *H. cordata*, monolayers of Vero cells remained untreated or were preincubated with HCWE at varying concentrations for 2 h. Acyclovir (ACV) at 5 μM was included as a control. The cells were then infected with HSV-2 at an MOI = 2 for 2 days. HSV-2 infection caused a visible cytopathic effect 24 h PI in the infected but untreated controls. The effect became more obvious at 48 h PI since more cells were either partially detached or started to break up. Similar to ACV control, we found that preincubation with HCWE significantly blocked cell round up and cell detachment, suggesting that HCWE treatment potentially blocked HSV-2 infection. To semiquantitatively assess the effect, 10 μl culture supernatants were collected at 48 h PI for titration of virus release while cell viability was determined by an MTT assay ([@b0125]). As shown in [Fig. 1](#f0005){ref-type="fig"} A, HCWE treatment blocked cell death associated with HSV-2 infection, indicating that HCWE possesses antiviral activity. At 45, 150 and 450 μg/ml HCWE treatment significantly blocked HSV-2 infection. The IC~50~ was estimated at approximately 50 μg/ml.Fig. 1Inhibition of herpes simplex virus-2 infection by *Houttuynia cordata* water extract. Dose response of HCWE on HSV-2 infection. (A) Monolayers of Vero cells in 96-well plates were infected with HSV-2 at an MOI of 2 in the presence or absence of HCWE at 45, 150, 450 μg/ml. HSV-2 infection caused cytolytic effect. At 48 h PI, cells that remained attached were quantitatively measured for their activity to reduce MTT to formazan. An increased reading from MTT assay indicates reduction of virus infection. Acyclovir (ACV) at 5 μM was used as a positive control against virus infection. Data are representative of 3 independent experiments of triplicate samples. (B) In parallel experiments, culture supernatants were collected and assayed for production of infectious virus by plaque forming assay. Data are presented as mean ± standard deviation of triplicate samples. ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01 compared with HSV-2 samples determined by ANOVA. (C) Time course of HCWE treatment on HSV-2 infection. HCWE at 450 μg/ml was added at 2 h prior to (-2 h), during (0 h), or at indicated times post virus inoculation (2, 6, and 12 h PI). Inhibition of virus infection was determined by using MTT assay. The data are presented as mean ± standard deviation of triplicate samples, and the results represent three independent experiments. No significant difference on HSV-2 infection was detected when HCWE was added 2 h prior to or within 6 h post inoculation.

Using a secondary infection assay, we determined the effect of HCWE treatment on the yield of virus production. HCWE at 45 μg/ml, 150 μg/ml and 450 μg/ml resulted in reduction of more than 1, 3 and 4 logs of infectious virus, respectively, in those samples ([Fig. 1](#f0005){ref-type="fig"}B). Those results indicated HCWE has anti-HSV-2 activity.

HSV infection is initiated by virus attachment followed by membrane fusion for cell entry and eventual replication and assembly in the cells. To preliminarily investigate the stages of HCWE action on HSV-2 infection, monolayers of Vero cells were treated with HCWE 2 h prior to, during or after virus inoculation. Virus infection was evaluated by measuring cell viability using MTT assay. The inhibitory effect was significant when HCWE was added at 2 h prior to, during or 2 h PI, early stages of virus cell entry and infection ([Fig. 1](#f0005){ref-type="fig"}C). The effect became less significant when HCWE was added at later stages of infection (12 h PI). HSV-2 cell entry is a relative rapid event ([@b0130]). We hence interpreted the data as HCWE acted at a stage(s) after the virus has entered host cells since addition of HCWE at 2 h PI showed a similar inhibitory effect as earlier addition.

3.2. HCWE treatment blocks HSV-2 induced NF-κB activation {#s0055}
---------------------------------------------------------

NF-κB activation is required for efficient replication of HSV-1 and HSV-2 virus ([@b0135], [@b0055]). We next examined whether HCWE was capable to block NF-κB pathway by investigating NF-κB nuclear translocation. HeLa 229 cells were treated with HCWE at 450 μg/ml for 2 h or remained untreated. The cells were then infected with HSV-2 at an MOI of 5 for varying times. NF-κB nuclear translocation was determined by immunoblotting after fractionation. As shown in [Fig. 2](#f0010){ref-type="fig"} A, p65 was detected at relatively low levels in uninfected cells; whereas, HSV-2 infection significantly induced p65 nuclear translocation at 6, 12 and 24 h PI. Treatment with HCWE abated HSV-2 induced p65 nuclear translocation, suggesting HCWE treatment blocked HSV-2 induced NF-κB activation.Fig. 2HSV-2 infection induces NF-κB activation and HCWE treatment blocks NF-κB activation. HeLa 229 cells were infected with HSV-2 (MOI = 5) in the presence or absence of 450 μg/ml HCWE for 6, 12 and 24 h. NF-κB/p65 nuclear translocation was determined by protein fractionation followed by immunoblotting with anti-p65 antibody. HSV-2 infection induced persistent NF-κB/p65 protein nuclear translocation, while treatment with HCWE blocked NF-κB/p65 activation induced by HSV-2 infection (A). The numbers represent relative intensity of a p65 protein band to Lamin B, a loading control, in each sample compared to untreated and uninfected control. In separate experiments, curcumin, a known inhibitor of NF-κB activation and HSV-2 immediate early gene expression, was included as a control. Treatment with curcumin (Cur) at 10 μM or HCWE at 450 g/ml significantly blocked HSV-2 ICP0 expression as detected at 24 h PI (B) as well as infection and TNFα induced IκBα degradation (B and C).

To substantiate this conclusion, we then repeated the experiment by including curcumin, a natural product that has been shown to block NF-κB activation as well as HSV-1 and HSV-2 replication ([@b0145], [@b0105]). As shown in [Fig. 2](#f0010){ref-type="fig"}B and C, treatment with curcumin or HCWE significantly blocked HSV-2 ICP0 expression, indicating an inhibition of HSV-2 replication. In agreement with a role of NF-κB for HSV-2 replication, an inhibition of IκBα degradation induced by HSV-2 infection as well as by TNFα treatment was also detected in those samples. These results together indicated that HCWE blocked HSV-2 infection potentially through inhibition of NF-κB activation.

3.3. HCWE treatment does not inhibit Erk MAPK activation during HSV-2 infection {#s0060}
-------------------------------------------------------------------------------

In addition to NF-κB activation, HSV-1 and HSV-2 infection also induces MAPK activation ([@b0165], [@b0060], [@b0170], [@b0150]). We also investigated whether HCWE had an effect on MAPK activation by detection of protein phosphorylation. Consistently with previous report ([@b0170]), HSV-2 infection selectively promoted Erk MAPK phosphorylation at 3 and 6 h PI. HCWE treatment however did not significantly block HSV-2 induced MAPK activation [Fig. 3](#f0015){ref-type="fig"} . These results together suggest that HCWE block HSV-2 infection through NF-κB inhibition.Fig. 3HSV-2 infection promotes Erk MAPK activation, HCWE treatment showed no effect on Erk activation. HeLa 229 cells were infected with HSV-2 (MOI = 5) in the presence or absence of 450 μg/ml HCWE. Cell lysates were harvested at 3 and 6 h PI, and the levels of phosphorylated forms of Erk1/2, p38 and JNK1/2 as well as total Erk2, p38 and JNK1/2 proteins were determined by immunoblotting analysis. Anisomycin (Aniso) at 5 μM was used as a positive control since it activates all three MAPK classes examined.

3.4. Flavonoids in HCWE have anti-HSV activity {#s0065}
----------------------------------------------

*H. cordata* contains volatile essential oil such as houttuynin, an aliphatic aldehyde, and water soluble components, mainly flavonoids like quercetin, quercitrin and isoquercitrin ([@b0155], [@b0035]). To investigate whether the major chemical components of *H. cordata* also contained antiviral activity, Vero cells were treated with quercetin, quercitrin or isoquercitrin at 10 μM. We also included a more stable and water soluble derivative of houttuynin (sodium houttuyfonate), since houttuynin was identified as an antimicrobial component of *H. cordata* ([@b0095]). As shown in [Fig. 4](#f0020){ref-type="fig"} , quercetin, quercitrin or isoquercitrin at 10 μM showed significant activity against HSV-2 infection, while naringenin, a dihydroflavonoid from grape fruit showed no effect against HSV-2 infection, indicating that the flavonoids are responsible for anti-HSV-2 activity in HCWE.Fig. 4Major flavonoids in HCWE exhibit anti-HSV-2 activity. Vero cells were infected with HSV-2 (MOI = 2) in the presence or absence of 450 μg/ml HCWE or 10 μM of quercetin, quercitrin, isoquercitrin (Isoq), sodium houttuyfonate (SH) or naringenin (Nari). Their effect on HSV-2 infection was determined by measuring cell viability using MTT assay. The data are presented as mean ± standard deviation of triplicate samples. The results are representative of three independent experiments.

These results therefore demonstrated that *H. cordata* blocked HSV-2 infection through inhibition of NF-κB activation by the flavonoids.

4. Discussion {#s0070}
=============

Many plants and their components have anti-herpetic activity ([@b0085]). As a traditional Chinese herbal medicine, *H. cordata* is frequently used for its antibacterial and antiviral properties. The water extracts from *H. cordata* have been reported to inhibit viral infection even though the mechanisms were not elucidated. Both HSV-1 and HSV-2 infection promotes NF-κB as well as MAPK activation for efficient virus replication and growth ([@b0150], [@b0140], [@b0135], [@b0055]) and pharmacological reagents that block NF-κB or MAPK activation have been reported to inhibit HSV infection. We found HCWE had anti-herpetic activity against HSV-2 and HSV-1 (data not shown) infection and the activity was associated with its effect on NF-κB pathway activation. Although HSV-2 infection promotes Erk MAPK activation and Erk activity is required for HSV-2 replication ([@b0170]), we found HCWE treatment had no effect on HSV-2-induced MAPK activation.

The transcriptional regulator NF-κB plays a critical role in cell proliferation and viral gene expression of some viruses. NF-κB activation also enables cells with anti-apoptotic activity, crucial for viral replication. Several medically important viral pathogens are known to require NF-κB activity for replication and infection. Compounds that block NF-κB activation have been reported to have antiviral activities. Cyclopentenone prostaglandins (cyPG) of the A and J type block TNFα-induced NF-κB activation by direct inhibition and modification of the IKKβ subunit of IKK. [@b0005] reported that cyPG were also powerful inhibitors of IKK and NF-κB activation induced by HSV-1 infection, an effect that was attributed to the potent antiviral activity in human cells. Curcumin, an inhibitor of constitutive NF-κB activation ([@b0145]), has been shown to inhibit herpes simplex virus immediate-early gene expression and virus replication at relatively low concentrations ([@b0105]). Resveratrol, a polyphenolic compound implicated with diverse biological activities, suppresses HSV induced activation of NF-κB within the nucleus, resulting in impaired expression of HSV genes and synthesis of viral DNA ([@b0045]). Those and our results suggest that reagents that target signaling pathways may exert selective activity against a diverse group of viral pathogens as previously suggested ([@b0115], [@b0015]).

The major chemical components of *H. cordata* consist of essential oils including houttuynin, an aliphatic aldehyde, and water soluble components, including flavonoids of quercetin, quercitrin and isoquercitrin. The content of quercitrin can exceed 0.1% in dried leaves, while others are minor components ([@b0155]). [@b0095] first isolated houttuynin from *H. cordata* and reported its antibacterial activity. Hence houttuynin as well as the sodium houttuyfonate (bisulphite adduct as a prodrug due to its stability) had been used in China to treat bacterial infection and other complications until its withdrawal from the market due to lack of defined activity. We found that the once approved sodium houttuyfonate had no activity against HSV-2 infection or signaling pathway activation. Instead, we found that the antiviral activity was associated with the flavonoids, since quercetin, quercitrin and isoquercitrin all displayed significant activity against HSV-2 infection. This is consistent with the reported activity of some flavonoids on virus infection as well as inflammatory response ([@b0080], [@b0120], [@b0030], [@b0090]).
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